’}/ ColfF-730774.-7
DESIGN AND CONSTRUCTION OF A LOW VELOCITY
BOUNDARY-LAYER TEMPERATURE PROBE' -
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Abstract

A small thermocouple tempersture prcbe has been designed and fabri-
cated for use in low velocity turbulent boundary-layer studies. The
primary probe design objective was the elimination of tempereture errors
due to conduction along the thermoelectric elements. It is shown that
not only probe geometry but also the thermal characteristics of the two
thermoelectric elements influence conduction errors. Design curves for
four common thermoelectric pairs are presented. An experimental turbulent
boundary-layer temperature profile is presented and compared with the
theoretical laminar sub-layer equation to verify that the designed probe

was free of conduction errors.
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Desion and Constructicon of a Low Velocity

Boundary-Layer Temperature Probe

When a temperature-sensing instrument such as a thermocouple is
immersed in & fluid, the indicated temperature will usually differ
from the true temperature of the undisturbed fiuid, even if the pres-
ence of the sensor does not alter the flow field. Heat conduction
along the thermoelectric wires is a common scurce of thermocouple
error, and can be particularly severe in the small probes used in
turbulent boundary-layers because the sensing element must operate
in regions of very steep temperature gradients. In this Note, it
is shown that conduction errors can be kept within acceptable limits

by the proper choice of thermoelectric pair and/or prote geometry,

and that turbulent boundary-layer temperature profiles can be measured
accurately.

In the experimental turbulent boundary-iayer study of Blackwell,
Kays, and Moffatl, it was desired to measure ziean t mperature proiiles
inside the iogarithmic portion of the boundary-.s)«r to determine the
turbulent Prandtl number in this region. This rude it necessary that
the probe be very small, since this region may bLe only a few thousandths
of an inch in extent. The basic probe configurstica chosen was a
thermocouple with the two wires of equal diameter, and the jJunction
formed by butt welding. A schematic of the probe is shown in Fig. 1.

The geometrical characteristics (Ll, L2, D) end thermal conductiv-
ity (kl, k2) of the thermoelectric elements were chosen with the irtent

that heat conduction errors would be below an acceptibhle level. This
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was accomplished by analyzing the probe as a one-dimensional fin with
convection from the surface and a specified (and equal) temperature
at the two ends. From the analysis of Dav152 or Blackwell, et all,

it can be shown that the nondimensionzal Junction temperature can be

expressed as
N Rl 8 bt Ui ()
3 Tb - Tf x sinh xp2) cosh p2) + sinh (p2) cosh (er)
where the fin parameters are defined by
L
hD 1,2
P, ,=2 2=, (2)
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and h is the convective heat transfer coeff.cient. All temperatures
in Eq. 1 are defined with the aid of Fig. 1. Figure 2 presents the

nondimensional junction temperature as a function of x, with P, as a

parameter. Note that for a given value of Pys there is an optimum

value of x that corresponds to & minimum 6 Any additional increase

J.
in x causes a decrease in probe performance. As P, becomes large, the

sptimum value of x approaches unity. For each value of P, the curves

approach the adiabatic fin solution, 6 — - s @S Kk goes to

J cosh P,

infinicy. Intermediate values of x result in lower values of 6 because



part of fin 1 acts as an effective extension of fin 2, Low values of
k show increasing error (increasing OJ) by thermally connecting the
Junction to the support.

Up to this point in the analysis, it has been assumed that k can
take on a coutinuous range of vilues. Since only certain meterials
(kl’ k2) are desirable in a thermocouple, the continuous property of
k depends on whether the length ratio L2/Ll can assume a continuous
range of values {see Eq. 3). In some applications, i* might be
desireble to specify L2/Ll on some ovasis other than the elimination
of conduction errors. For exanple, the thermocouple junction should
be locateld as far as possible from either probe support to eliminate
interference problems. For this situation, pne‘might choose L2/L1
approximately unity. In this case, x becomes a discrete parameter
that depends only on the thermal conductivity of the two thermoeliectric
materials.

If we restrict the analysis to some of the more commorn thermo-
couple materials, the data in Fig. 2 can be put in a much more useful
form. Figure 3a presents the thermocouple Jjunction temperature as a
function of the fin parameter P, for three thermocouples, each with
constantan as the negative element. The thermel conductivity values
used are presented in Table 1. The subscripts 1 and 2 refer to the
first- and second-named elements of the thermocouple respectively.

Of the three thermocouples in Fig. 3a, chromel-constantan is the best
from the standpoint of conduction losses. In fact, copper-constantan

would require an aspect ratio (L/D) approximately four times that of
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chromel-constantan if the same value of nondimensional junction tem-
perature 6J were to be maintained.

In Fig. 3b, a chromel-glumel probe is compared with a chromel-~
corstantan probe. Since chromel (kl) is cémmon to both, 6, is

J

presented as a functicn of p,, allowing a more direct comparison of

Py
the two thermocouple pairs. From this date, the chromel-constantan
probe will require a smaller aspect ratio (L/D) if a given value of
Junction temperature is to be maintained.

On the basis of the information given in the above discussion,
the thermocouple material selected was chromel—constantan.’
Commercially available 0.003-inch (0.076-mm)-diameter thermocouple
vire with a Tefloa insulator was butt-welded to form the thermocouple
junction. After welding, the thermocouple was rolled between two
plieces of flat steel to remove kinks. The sensing element was
supported between two 22-gauge stainless-steel hypodermic needles,
with the Teflon providing electrical isolation between the thermo-
couple wire and the stainless steel. The Teflon insulator was
burned fo the part of the thermocouple that was exposed to the gas
stream. Contact between the bare thermocouple wire and the hypodermic
needle éccurred only at the end of the needle. Since the two needles

were electrically insulated from each other, this contact did not

form a closed loop that would introduce an additional emf. The

# ApAdditionally, the chromel-constantan combination has the steepest emf-
versus- temperature relationship of the four thermocouples considered

in this Note.



hypodermic needles were shaped to give some spring to the probe assembly
vhen in contact with the wall. A completed probe.assembly is shown in
Fig. L.

The prcbe span (L) was chosen with the aid of the design curves in
Fig. 5. It was estimated that the minimum veloéity to be encountered
in the laminar sublsyer (in air) would be approximately 2 ft/sec
(0.6 m/sec), and it was desired to keep the dimensionless Junction

temperature 6, below 0.005. The data in Fig. 3 indicates that a span

J
of 0.5 inch (1.27 em) is adequate to satisfy the above condition on
6, for a chromel-constantan probe.

J
- Figure S5 presents a typicel turbulent boundary-layer temperature

profile (in wall coordinates) taken from the study of Blackwell, et all.
Also shown is the theoretical laminar sublayer equation T = Pr y .
Agreement between the laminar sublayer eénation and experiment is
excellent. It ic more difficult to make accurate temperature measure-
ments in the laminar sublayer than in any other region of the boundary
layer. _The fact that experimental data and theory agree in this region
indicates that the probe was essentially free of conduction errors.

In summary, chromel-constantan is the best, from the standpoint

of conduction losses, of the four thermocouples considered in this

study, provided the junction is located in the center of the span.
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TABLE 1

Thermal Conductivity Data (From Bcnedict?l

Thermoelectric Element k, Btu/Ft-Sec-°F
Copper 0.0616
Iron 0.0096
Alumel 0.9048
Constantan 0.0038
Chromel 0.0031



Figure 1. Sclh=amatic of boundary-layer probe.
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Figure 2. Dimensionless Junction temperature for various velues
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Figure 3-a. Comparis.n of thre. thermoelectric pairs, each
with constantan as negative e .
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Figure 3-b. Comparisca of two thermoelectric rairs, each with
chromel as positive element.
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